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Introduction {#sec005}
============

*Pseudomonas aeruginosa* can chronically infect the lungs of patients with cystic fibrosis (CF), contributing to disease progression and death\[[@pone.0157189.ref001]\]. Based on the presence of highly transmissible *P*. *aeruginosa* strains, so-called epidemic clones, among CF patients\[[@pone.0157189.ref002]--[@pone.0157189.ref007]\] and presumed detrimental effects of these clones on disease progression\[[@pone.0157189.ref008];[@pone.0157189.ref009]\] segregation policies have been implemented for CF patients worldwide. It is thought that segregation prevents acquisition of chronic infections by these CF adapted epidemic *P*. *aeruginosa* clones that are sometimes multi-resistant to antibiotics (i.e. to more than two of the three major classes: beta-lactams, aminoglycosides and quinolones) like the Liverpool Epidemic Strain (LES) and the Australian Epidemic Strain 1 (AES-1) \[[@pone.0157189.ref008];[@pone.0157189.ref010]--[@pone.0157189.ref012]\], while strains acquired from the environment can be more easily eradicated\[[@pone.0157189.ref013]\]. Prevention of these epidemic clones would be beneficial to patients if these clones were indisputably associated with a worse prognosis. This has not been unequivocally demonstrated for so-called "epidemic" clones.

In the Netherlands strict segregation was implemented in 2006, and consisted of strict hygiene rules and the recommendation to avoid contact between all individual CF patients in inpatient and outpatient clinics, as well as outside the hospital setting\[[@pone.0157189.ref014];[@pone.0157189.ref015]\]. The decision to implement segregation in the Netherlands was based on findings from abroad and a single Dutch study suggesting transmission of *P*. *aeruginosa* during summer camps\[[@pone.0157189.ref016]\]. Subsequent cross-sectional investigation of *P*. *aeruginosa* population structure in the Netherlands indicated that 15 percent of the patients were infected with clone ST406, and 5 percent with ST497, which both appeared unrelated to other international CF clones, were not detected in non-CF patients, and ST406 was not associated with unfavorable clinical outcome in a cross-sectional study\[[@pone.0157189.ref017]--[@pone.0157189.ref019]\].

The effects of strict segregation of CF patients on *P*. *aeruginosa* acquisition and transmission have not been determined systematically. Although reduced prevalence of epidemic clones\[[@pone.0157189.ref020]--[@pone.0157189.ref023]\], decreased incidence and prevalence of chronic *P*. *aeruginosa* infection\[[@pone.0157189.ref024]\] and less cross-infection between CF-patients after implementation of cohort segregation\[[@pone.0157189.ref025]\] have been reported, the possible confounding and interactions between prevalence observations, the dynamics of the population at risk and detailed analyses of pulmonary function in time were not included. In addition, epidemic strains may have different virulence and transmissibility characteristics.

We, therefore, investigated whether strict segregation (1) reduces the acquisition rate of chronic infection with *P*. *aeruginosa*, and, thereby, (2) increases the diversity the population structure of *P*. *aeruginosa* infecting CF patients, and (3) whether infection with the epidemic Dutch ST406 clone is, compared to infection with other types, associated with adverse clinical outcome.

Materials and Methods {#sec006}
=====================

Ethics Statement {#sec007}
----------------

All CF patients in the Netherlands are asked by their clinical doctors to give consent to store their data in a national database for scientific purposes. Almost all patients agree and have given written and informed consent to store their data in this database. This database is administered by the Dutch CF foundation. This database was used to collect patient characteristics and clinical data for the longitudinal lung function analysis and survival analysis.

Culture data was retrospectively collected from the institutions laboratory databases. Cultures were taken routinely by the clinical specialist and *Pseudomonas aeruginosa* isolates from sputum cultures from all CF patients have been stored prospectively since 2005. Retrospectively these *P*. *aeruginosa* isolates have been genotyped. The clinical doctors that treated the patients were not aware of typing results of *P*. *aeruginosa* isolates.

The Institutional Ethical Review Board waived the need for evaluation and approval by the IRB for the retrospective collection of culture data and typing of culture isolates obtained from routine clinical cultures.

Patient culture data was anonymized and de-identified prior to analysis of chronic infection."

Patients and Design {#sec008}
-------------------

Standard of care for CF patients in the Netherlands consist of at least three-monthly visits to the out-patient clinic for physical examination, pulmonary function tests and microbiological cultures of sputum or throat swabs. However, some patients visit less regularly or visit a local hospital instead of the CF clinics for check-ups. Since 2003/2004 all Dutch CF centers use antibiotics for early eradication of *P*. *aeruginosa*, mainly colistin and tobramycin \[[@pone.0157189.ref026]\], and applied eradication protocols have remained unchanged since 2004. Segregation measures were implemented in the Netherlands during 2006, and included strict segregation of all CF patients in clinical wards and outpatient clinics, in which each patient is physically separated from all other CF patients regardless of *P*. *aeruginosa* colonization status. Outside hospital settings it was recommended not to meet with other CF patients, or to adhere to strict hygiene rules (keep distance, don't touch, hand hygiene, cough hygiene, don't share utensils or medication) in case of contact\[[@pone.0157189.ref014];[@pone.0157189.ref015]\].

All CF patients that visited the Wilhelmina Children's Hospital/University Medical Centre Utrecht (UMCU) or the Haga Teaching Hospital (Haga) in The Hague between 2005 and 2011 that had at least 4 years of culture data available (not necessarily consecutive), or were born after 1994, were included in the longitudinal study from the first known culture until the last if this was not performed in 2011 (otherwise included until 31-12-2011). All sputum samples and throat swabs were cultured according to standard diagnostic laboratory protocols of each hospital as described before \[[@pone.0157189.ref017]\].

Furthermore, two cross-sectional typing studies were performed, using MLST, which included all patients visiting either hospital in 2007 and 2011. Persistence of *P*. *aeruginosa* genotypes was investigated in chronically colonized patients with *P*. *aeruginosa* isolates available for genotyping in both 2007 and 2011. All chronically infected patients who did not undergo lung transplantation and were included in the 2007 cross-sectional study, excluding patients with *Burkholderia species* (n = 10), were included in the nested longitudinal follow-up study. The use of inhaled antibiotics was assessed per year, and expressed as a dichotomous value (yes or no) per year. To account for differences in frequency of pulmonary function measurement, only one Forced Expiratory Volume in one second (FEV~1~) measurement per three months (with the highest value) was included. Lung function values were converted into percent of predicted values for FEV1 based on reference values for either adults\[[@pone.0157189.ref027]\] or children\[[@pone.0157189.ref028]\] where appropriate (using only one set of reference values per patient, i.e. the reference set that was appropriate for the majority of measurements). Based on the results of the first cross-sectional study, in 2007, patients were grouped according to *P*. *aeruginosa* genotype in group "ST406" or "other ST" \[[@pone.0157189.ref017]\].

Definitions {#sec009}
-----------

"Chronic colonization" was defined as the detection of *P*. *aeruginosa* in ≥50% of the respiratory tract cultures per year for two consecutive years with at least three positive cultures. "Intermittent" colonization was defined as *P*. *aeruginosa* isolation from the respiratory tract in \<50% of cultures in the previous year, with at least one positive *P*. *aeruginosa* culture in the past\[[@pone.0157189.ref029]\]. The date of acquisition of chronic *P*. *aeruginosa* colonization was defined as the date of the first *P*. *aeruginosa* isolate within three months before which chronic colonization was established. These definitions are in line with the so-called "Leeds classification"\[[@pone.0157189.ref029]\]. Chronic *P*. *aeruginosa* acquisition was investigated for the years 2005--2006 (before segregation) and 2007--2011 (after segregation) and expressed as the number of new chronic infections per day among patients at risk (i.e. not chronically infected). Two independent experts and two investigators analyzed anonymized culture data, blinded for patient identifier and calendar dates, to determine acquisition of chronic infection. Discrepancies were reevaluated by all experts and final decisions were reached by consensus. Sequence Types (STs) that were harbored by more than two unrelated CF patients were considered "frequently shared strains".

Samples {#sec010}
-------

All sputum samples and throat swabs were cultured according to standard diagnostic laboratory protocols of each hospital as described before \[[@pone.0157189.ref017]\]. In addition the UMCU also used C-390 disk diffusion (9mm Diatabs^™^, 40mcg) for determination of *P*. *aeruginosa*. One colony of each different colony-morphology (rough/smooth/mucoid and colony size) per sample was randomly picked and stored at -70°C. Isolates of the first stored respiratory tract culture yielding *P*. *aeruginosa* of each patient, during the year 2007 and the year 2011, were genotyped with Multi Locus Sequence Typing (MLST). MLST was used as described before to study genetic relatedness of *P*. *aeruginosa*\[[@pone.0157189.ref002]\]. Susceptibilities were determined by disk diffusion using EUCAST breakpoints for colistin, tobramycin, ciprofloxacin, ceftazidime, piperacillin + tazobactam in both hospitals\[[@pone.0157189.ref030]\] and amikacin and meropenem in the UMCU and imipenem in the Haga.

Multi Locus Sequence Typing (MLST) {#sec011}
----------------------------------

MLST was performed according to the protocol by Curran *et al*. \[[@pone.0157189.ref031]\]. Some adjustments were made, including the use of lysates of the isolates, newly designed primers, adding Q-buffer (Qiagen Benelux B.V., Venlo, the Netherlands) and the use of a touchdown PCR program as described before^E^\[[@pone.0157189.ref017]\]. PCR products were sequenced on a 3730 DNA Analyzer with the same primers as used for amplification. Sequences were analyzed using Bionumerics 5.1(Applied Maths, St-Martens-Latem, Belgium).

Sequence types (STs) were compared to the *P*. *aeruginosa* Multi Locus Sequence Typing website (<http://pubmlst.org/paeruginosa/>) developed by Keith Jolley and new alleles and profiles were sent to the curator E. Pinnock\[[@pone.0157189.ref032]\]. STs that were detected in three or more unrelated patients are named "frequently shared STs". Relationships between STs were estimated using a Minimum Spanning Tree, based on allelic profiles using the goeBURST-based distances\[[@pone.0157189.ref033]\], as contained in PHYLOVIZ software\[[@pone.0157189.ref034]\].

Statistics {#sec012}
----------

Calculations and analysis were performed using SPSS 20 (SPSS, Chicago, USA) and R (version 2.13.1). Genetic Diversity was calculated by Simpson's Index of Diversity (ID) as previously described using Bionumerics 5.1 (Applied Maths, St-Martens-Latem, Belgium). A Cox-proportional hazard model with segregation as time-dependent variable with time from birth as time scale was performed to determine the association between segregation and acquisition of chronic colonization with age as covariate. For continuous data the Student's t-test or Mann-Whitney U-test was used where appropriate. For binominal data the Chi-square test or Fisher's exact test were used where appropriate. A Cox proportional hazards model was used to study the association between ST406 and time to death or lung transplantation (combined endpoint, whichever occurred first). In case of death following lung transplantation, the date of lung transplantation was designated time of censoring. A (post-hoc) power calculation was conducted with a one sided test a 0.05 level of significance and 0.8 power to calculate the minimum effect (in the HR) one could detect \[[@pone.0157189.ref035]\]. For longitudinal analyses of lung function, a linear mixed model was used. The model assumed a linear trend in FEV~1~ over time for each patient, and allowed for random patient-specific slope and intercept. Several possible confounding factors were added to the model and tested for significance. A difference in decline of FEV~1~ (slope analysis) between the two groups (ST406 or other clones) was tested by examining the improvement in model fit after adding an interaction term to the model (time\*ST group). This interaction term would allow for different slopes over time for the two groups. For the (post-hoc) power calculation R package long power was used to calculate the minimum difference to detect a significant result with a nominal power OD 0.80 and significance 0.05\[[@pone.0157189.ref036]\]. For analysis of resistance to antibiotic classes between different genotypes the Mann-Whitney U test was used.

Results {#sec013}
=======

In total, 784 patients were included in the longitudinal follow-up study between January 1^st^ 2005 and December 31^st^ 2011. Of these 117 (15%) were excluded because of insufficient culture results. At the start of the follow-up (1-1-2005) 217 patients were chronically infected with *P*. *aeruginosa*, 39 were infected with *Burkholderia species* or had already received lung transplantation leaving 411 at risk of acquiring chronic *P*. *aeruginosa* infection. Of the 411 patients, 315 were at risk for acquisition of chronic *P*. *aeruginosa* infection between 1-1-2005 and 31-12-2006, while after implementation of segregation (1-1-2007) until end of follow-up (31-12-2011) 382 patients were at risk for acquisition of chronic *P*. *aeruginosa* infection ([Table 1](#pone.0157189.t001){ref-type="table"} and [S1 Table](#pone.0157189.s004){ref-type="supplementary-material"} and [S1 Fig](#pone.0157189.s001){ref-type="supplementary-material"} in online data supplement). There were 11, 17, 13, 5, 5, 3, 2 acquisitions of infection with *P*. *aeruginosa* per year from 2005 till 2011, respectively. The acquisition rate of chronic infection with *P*. *aeruginosa* per year at risk was 0,051 and 0,018 before and during segregation, respectively. The hazard ratio for acquisition of chronic infection during segregation was 0·66 (CI \[0·2548--1·541\]; p = 0·28), as compared to the risk before segregation. Exploration of the data to explain the wide confidence interval displayed different effects in different age groups with most effect of segregation occurring on younger age groups. Subsequent (post-hoc) subgroup analysis of patients \<15 years and \>15 years of age resulted in HR of 0·43, (95% CI \[0·21--0·95\] p = 0·04) and 0·88, (95% CI \[0·23--3·34\]; p = 0·85), respectively.

10.1371/journal.pone.0157189.t001

###### Patient characteristics, microbiological and genotypic characteristics of *P*. *aeruginosa* isolates associated with chronic infection of 411 patients at risk for acquiring chronic infection before (2005--2006) and during (2007--2011) strict segregation of CF patients.

![](pone.0157189.t001){#pone.0157189.t001g}

                                                                                                                                   Patients at risk for chronic infection before segregation (2005--2006) N = 315   Patients at risk for chronic infection during segregation (2007--2011) N = 382
  -------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------- --------------------------------------------------------------------------------
  Age at end of follow-up (average and SD)                                                                                         21·9 (SD 13·2)                                                                   18·9 (SD14·0)
  Male/female                                                                                                                      0·55/0·45                                                                        0·54/0·46
  Patient days at risk                                                                                                             196,881                                                                          551,490
  Number of patients with acquisitions of chronic *P*. *aeruginosa* infection                                                      28                                                                               28
  Rate of acquisitions with *P*. *aeruginosa*/1000 patient days at risk                                                            0·14                                                                             0·05
  Number of patients with chronic *P*. *aeruginosa* acquisition and isolates genotyped [\*](#t001fn001){ref-type="table-fn"} (%)   20 (71%)                                                                         18 (64%)
  Number of different sequence types [\*](#t001fn001){ref-type="table-fn"}                                                         18                                                                               17
  Number of patients with shared sequence types (%)[\*](#t001fn001){ref-type="table-fn"}                                           12 (60%)                                                                         7 (38%)
  Number of patients with acquisition of chronic *P*. *aeruginosa* ST 406 infection (%)[\*](#t001fn001){ref-type="table-fn"}       3 (15%)                                                                          0 (0%)

\* *P*. *aeruginosa* isolates were not available for genotyping from all patients with chronic acquisition. Therefore numbers are based only on all patients with genotyped isolates.

Population Structure Pseudomonas aeruginosa {#sec014}
-------------------------------------------

The results of the first cross-sectional study (isolates from 2007) have been published\[[@pone.0157189.ref017]\]. The second identically conducted cross-sectional (point) prevalence study, of isolates obtained in 2011, included 631 patients (97% of all patients visiting either hospital that year) of which respiratory tract cultures were available (391 of 405 in UMCU (97%) and 240 of 244 in Haga (98%)) ([Table 2](#pone.0157189.t002){ref-type="table"}). *P*. *aeruginosa* isolates from 168 patients were available for genotyping both in 2007 and 2011, 96 had isolates only in 2007 and 112 only in 2011. The prevalence of patients infected with *P*. *aeruginosa*, of patients with multiple genotypes and the proportion of patients harboring STs that were shared with more than two unrelated patients were comparable in both study cohorts ([Table 2](#pone.0157189.t002){ref-type="table"}). The prevalence of ST406 was 15% in 2007 and 14% in 2011, but the average age of patients infected with ST406 increased from 19·8 years \[range 11·0--30·5\] in 2007 to 23·4 years \[range 16·7--38·3\] in 2011. A Minimum Spanning Tree based on 211 STs representing 599 isolates from Dutch CF patients revealed no specific sub-clustering according to year of isolation ([S2 Fig](#pone.0157189.s002){ref-type="supplementary-material"} in online data supplement).

10.1371/journal.pone.0157189.t002

###### Demographic and microbiological characteristics of cystic fibrosis patients included in cross-sectional studies in 2007 and 2011.

(\* = p\<0.05).
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                                                                                                                                                2007 (n = 551)              2011 (n = 631)
  --------------------------------------------------------------------------------------------------------------------------------------------- --------------------------- -------------------------
  Average age (standard deviation) \[range\]                                                                                                    23·4 (13·8) \[1·0--69·1\]   22·6 (14·0) \[0--72·2\]
  Proportion age \<18/≥18                                                                                                                       0·42/0·58                   0·41/0·59
  Proportion male/female                                                                                                                        0·53/0·47                   0·51/0·49
  Number of respiratory tract cultures/year, \[median, interquartile range\]                                                                    3 \[2--4\]                  4 \[2--6\] \*
  Number of *P*. *aeruginosa* isolates                                                                                                          443                         414
  Number of patients with intermittent or chronic infection with *P*. *aeruginosa* in the respiratory tract (%)                                 313 (57%)                   326 (52%)
  Number of patients with *P*. *aeruginosa* genotyped (% of infected)                                                                           265/313 (85%)               280/326 (86%)
  Number of different sequence types                                                                                                            143                         157
  Number of patients with multiple phenotypically different *P*. *aeruginosa* isolates (% of patients with *P*. *aeruginosa* genotyped)         135/265 (51%)               113/280 (40%)
  Number of patients infected with multiple *P*. *aeruginosa* sequence types (% of patients with *P*. *aeruginosa* genotyped)                   28/265 (11%)                22/280 (8%)
  Number of patients with frequently shared *P*. *aeruginosa* sequence types in more than two patients \[number of different sequence types\]   150 (57%) \[24\]            140 (50%) \[22\]
  Number of patients infected with *P*. *aeruginosa* ST406 (% of patients with *P*. *aeruginosa* genotyped)                                     41 (15%)                    38 (14%)
  Number of patients infected with *P*. *aeruginosa* ST497 (% of patients with *P*. *aeruginosa* genotyped)                                     14 (5%)                     13 (5%)
  Simpson Index of diversity \[95%CI\] of *P*. *aeruginosa* isolates based on MLST                                                              97·3 \[96·2--98·4\]         97·8 \[96·9--98·7\]

There were 49 patients that acquired *P*. *aeruginosa* during segregation (mostly resulting in intermittent colonization), most frequently with ST108 (n = 3 patients, not related), but not with ST406 and ST497 genotypes, the Dutch prevalent clones ([Fig 1](#pone.0157189.g001){ref-type="fig"}). The Simpson index of diversity of these isolates acquired during segregation was 99.2 (98.5--99.9), which is significantly higher than in the whole tested populations. However, there were three acquisitions of chronic infection with ST406 after segregation in patients already chronically infected with non-ST406 *P*. *aeruginosa* in 2007. STs detected in 2007 and 2011 had similar distribution among three defined sources (i.e. sputum isolates from CF patients in the Netherlands, respiratory tract cultures in multiple countries, and other sources from multiple countries) ([Fig 1](#pone.0157189.g001){ref-type="fig"}).

![Distribution of *P*. *aeruginosa* genotypes.\
Distribution of 163 *P*. *aeruginosa* STs detected in 265 Dutch CF patients in 2007 and 49 patients with acquisition after segregation in 2011 among defined source groups. The 41 STs detected in 49 patients with acquired infection during segregation are indicated in blue and STs detected in the cross-sectional study in 2007 are depicted in red. Each circle represents an ST and size of circles represents number of isolates. Dotted circles enclose defined source groups. Assignment of STs to source groups is based on source group definition of STs, contained in the international pseudomonas MLST database (<http://pubmlst.org/paeruginosa/>), that are identical to the 163 STs identified in Dutch CF patients.](pone.0157189.g001){#pone.0157189.g001}

Clinical Effects of ST406 {#sec015}
-------------------------

In 2007 219 patients had chronic *P*. *aeruginosa* infection with genotype data available and all were included in the nested longitudinal analysis of clinical outcome, yielding a total follow-up of 693·3 patient years. In 2007 the 40 patients infected with ST406 were, as compared to those infected with other STs, younger and were more likely to have used inhaled antibiotics ([Table 3](#pone.0157189.t003){ref-type="table"}).

10.1371/journal.pone.0157189.t003

###### Characteristics of patients infected with ST406 and non-ST 406 *Pseudomonas aeruginosa* genotypes.
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                                   ST 406 (n = 40)   Other clones (n = 169)   p
  -------------------------------- ----------------- ------------------------ ---------------------------------------------
  Age, mean (SD)                   18·9 (3·7)        25·0 (13·5)              0·005[^a^](#t003fn001){ref-type="table-fn"}
  Male, n (%)                      20 (50)           91 (51)                  0·92[^b^](#t003fn002){ref-type="table-fn"}
  Homozygosity dF508, n (%)        30 (75)           98 (61)                  0·10[^b^](#t003fn002){ref-type="table-fn"}
  ABPA, n (%)                      3 (7·5)           34 (19)                  0·08[^b^](#t003fn002){ref-type="table-fn"}
  CFRD, n (%)                      9 (23)            40 (22)                  0·98[^b^](#t003fn002){ref-type="table-fn"}
  Hospitalizations, median (IQR)   0 (0--1)          0 (0--1)                 0·20[^c^](#t003fn003){ref-type="table-fn"}
  FEV1, mean (SD)                  67·3 (27·3)       61·9 (23·5)              0·35[^a^](#t003fn001){ref-type="table-fn"}
  BMI z-score, mean (SD)           -0·5 (1·2)        -0·4 (1·1)               0·53[^a^](#t003fn001){ref-type="table-fn"}
  Pulmozyme, n (%)                 18 (45)           86 (48)                  0·73[^b^](#t003fn002){ref-type="table-fn"}
  Inhaled antibiotics, n (%)       32 (80)           114 (64)                 0·048[^b^](#t003fn002){ref-type="table-fn"}
  Age at diagnosis, median (IQR)   0 (0--3)          0 (0--4)                 0·25[^c^](#t003fn003){ref-type="table-fn"}

^a^t-test

^b^Chi^2^

^c^Mann Whitney U

Abbreviations: SD = standard deviation, ABPA = Allergic bronchopulmonaryaspergillosis, CFRD = cystic fibrosis related diabetes, IQR = interquartile range, FEV1 = Forced Expiratory Volume in one second.

Lung function measurements between 2007 and 2010 were available for 201 (92%) patients (n = 1903, mean 9·5 measurements per patient) and the means of FEV~1~ percent of predicted for patients with ST406 and with other STs did not decline and was not significantly different between both groups ([S3 Fig](#pone.0157189.s003){ref-type="supplementary-material"} in online data supplement). Including age and use of inhaled antibiotics or time on inhaled antibiotics in the linear mixed model did not change interpretation ([S2 Table](#pone.0157189.s005){ref-type="supplementary-material"} in online data supplement). The hazard ratio (HR) for dying (n = 14) or receiving a transplant (n = 11) was not significantly different for patients with ST406 or with other STs (HR 2·41, 95% CI 0·85--6·88, *p* = 0·10) ([Fig 2](#pone.0157189.g002){ref-type="fig"}).

![Survival free of lung transplantation or death.\
Survival free of lung transplantation or death for CF patients with ST406 and CF patients with other *P*. *aeruginosa* clones (total n = 219, lung transplantation n = 11, died n = 14).](pone.0157189.g002){#pone.0157189.g002}

*P*. *aeruginosa* ST406 isolates (n = 51) were resistant to a median of 3 (inter quartile range (IQR) 2--3, maximum 5) of five antipseudomonal antibiotic drug classes (aminoglycoside, betalactam/betalactamase inhibitor combination, antipseudomonal cephalosporin, carbapenem and fluoroquinolone), as compared to 1 (IQR 1--2, maximum 5) for other STs (n = 302) (p\<0·0005). Frequently shared STs were more resistant than non-frequently shared STs (n = 181) (median 2, \[IQR 1--3\]and 1 \[IQR 1--2\]for non-frequently shared STs (n = 172) (p = 0·003)).

In 158 chronically infected CF patients for which *P*. *aeruginosa* isolates were available for genotyping in both 2007 and 2011, 173 different STs were detected, and 156 STs (90%) were detected in the same patient in 2007 and 2011. Clonal persistence was 89% and 83% for ST406 and other STs, respectively (p = 0·4). Fifteen patients (9%) acquired a new ST, which occurred in addition to persistence of another ST in six patients.

Discussion {#sec016}
==========

This longitudinal study of seven years failed to demonstrate a statistically significant reduction in acquisition of chronic *P*. *aeruginosa* infection in Dutch CF patients during the first five years after implementation of strict segregation. In two nested cross-sectional studies the population structure of *P*. *aeruginosa* among CF patients remained largely unchanged, characterized by a high genetic diversity of the *P*. *aeruginosa* population among CF patients. *P*. *aeruginosa* ST406, the most prevalent ST in this patient cohort, appeared highly persistent and associated with resistance to more antibiotic classes but infection with this strain was not associated with a detectable decline in pulmonary function or a statistically significant reduced survival free of transplantation.

In crude analysis there was a clear reduction in the incidence of acquisitions of chronic *P*. *aeruginosa* infection after segregation, with a trend towards a statistically significant reduction in Cox regression analysis. Yet, the effects of segregation were different in different age groups, with a more pronounced effect in children. As these cutoff values for age were defined arbitrarily and post-hoc, they should be considered as exploratory. A possible explanation for a larger effect in younger patients is the absence of close contacts between CF patients during CF summer camps, that were no longer organized\[[@pone.0157189.ref016]\]. Documented lack of adherence to hygiene rules outside the hospital setting by some adolescent and adult patients is a plausible alternative explanation for the lack of effect of segregation in this age group\[[@pone.0157189.ref037]\]. Furthermore, parents are probably more likely to enforce segregation rules in younger children, and chronic colonization of the sinuses with *P*. *aeruginosa* genotypes acquired before segregation might occurred in the older age groups and include intermittently colonized patients\[[@pone.0157189.ref038]--[@pone.0157189.ref040]\]. The association of ST406 with a specific age category that was described before\[[@pone.0157189.ref017]\] is likely a cohort phenomenon, indicating that cross-transmission of ST406 in a certain age-group had occurred as the average age of patients infected with ST406 increased with time.

A marked reduction of cross-transmission of *P*. *aeruginosa* clones would increase the genetic diversity of the *P*. *aeruginosa* population structure. The observed absence of change in Simpson Diversity Index after segregation, corroborates the observed absence of a significant change in acquisition rate. Yet, since already chronically infected patients are known to harbor the same strain for many years, a significant change might not be expected during four years. The diversity of *P*. *aeruginosa* in newly infected patients was significantly higher, however, this group is not directly comparable to the whole tested CF population including intermittent and chronically infected patients. After segregation there were no new acquisitions of ST406 or ST497. This suggests that segregation can prevent spread of epidemic clones, but that segregation does not influence acquisition of strains from the environment. Indeed, the shared strains acquired after segregation mainly belonged to small clusters most likely originating from either common source exposures (e.g. siblings) or the physical environment.

Our data demonstrate that frequently shared strains, especially ST406, are resistant to more antibiotics. Multi-resistance to antibiotics has also been described for the Liverpool Epidemic Strain (LES)\[[@pone.0157189.ref012]\] and the Australian Epidemic Strain (AES-1)\[[@pone.0157189.ref010]\]. In our cohort, patients infected with ST406 more frequently received inhaled antibiotics. As clinicians were not aware of *P*. *aeruginosa* genotypes, prescription of inhaled antibiotics cannot be confounded by prior knowledge.

Patients chronically infected with ST406 were younger and had better lung function than older patients with other genotypes. However, the slope of FEV1 over time did not differ between the two groups indicating that the genotype was less important than age for causing a difference in baseline lung function. Yet, the group of patients with chronic ST406 colonization was relatively small and based on post-hoc power calculation a 1.32 difference in slope would have been needed to detect a statistically significant difference.

There are no randomized controlled trials in which the effectiveness of segregation measures for CF patients is evaluated. Yet, many countries have implemented cohort-segregation and in several reports reductions in transmission of epidemic clones, of *P*. *aeruginosa* prevalence and of acquisition of chronic *P*. *aeruginosa* infection at an older age have been reported \[[@pone.0157189.ref020];[@pone.0157189.ref021];[@pone.0157189.ref024];[@pone.0157189.ref025]\]. As, in addition to cohort-segregation, other interventions were implemented, such as earlier and more stringent antibiotic treatment, more frequent monitoring and screening of newborns for CF, it remains difficult to accurately quantify the effect of segregation from these studies.

Strengths of our study include the longitudinal design, the large patient cohort, comprising half of the Dutch CF population, the completeness of clinical and microbiological data collection and the use of MLST for genotyping. The five-year period of segregation might be considered a study limitation, but the (limited) magnitudes of the effects indicate that much longer follow-up periods would have been needed to reach statistical significance in any of the study endpoints for the total cohort. A changed prevalence of endemic and non-endemic *P*. *aeruginosa* among CF patients, could act as a confounder through a reduced colonization pressure. Yet, segregation does not influence the availability of *P*. *aeruginosa* in other sources than CF patients, and the observed prevalence of *P*. *aeruginosa* in the CF patient population was 57% in 2007 and 52% in 2011, making an important role of colonization pressure highly unlikely. Only post hoc analysis, based on the finding of unequal distribution of effect amongst different age groups, yielded an effect of strict segregation in young CF patients. Segregation did not start on a single day and the pragmatically chosen cut-off point for implementation of segregation on 1-1-2007 is in practice probably an ongoing process of better adherence to the regulations that started to be implemented during 2006. The total number of chronic acquisitions is quite low which might influences the lack of statistical difference before and after segregation. The steep decline from 13 chronic acquisitions to 5 in 2007 and 2008 respectively might indicate ongoing improvement of segregation. Furthermore we have no data on patient behavior and adherence to hygiene rules in their private lives or during hospitalization. Yet, segregation measures have the highest priority amongst hospital staff during hospitalization of CF patients and separate hospital rooms and accommodating segregation in out-patient clinics is rigorously planned. Also we only included CFTR gene defects, but not so-called modifier genes in our analyses. CFTR genotype alone may correlate poorly to lung disease and environmental factors and modifier genes may also be important for disease severity \[[@pone.0157189.ref041]\]. Acquisition of chronic infection has been associated with heritability in twin studies and with modifier genes like DCTN4, encoding a dynactin protein in large scale sequencing studies\[[@pone.0157189.ref042];[@pone.0157189.ref043]\].

Finally, misclassification of infection status may have occurred as only single morphologically different colonies were selected for genotyping and as throat swabs were allowed for detection of lower airway infection with *P*. *aeruginosa*. However, in 80% of those cases in which morphologically different colonies were typed genotypes were identical and \> 90% of culture results were from sputum samples.

The conclusion of this study is dual; on the one hand we did not detect new acquisitions with the epidemic ST406 strain (which is a strictly CF related strain) among non-infected patients after segregation, indicating segregation prevents spread of epidemic clones. But the clinical consequences of infection with ST406 seem marginal. On the other hand, only patients under 15 years of age had a significant decrease in chronic acquisition of *P*. *aeruginosa* after implementation of segregation in an unplanned exploratory analysis.
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###### Diagram indicating CF patients at risk for chronic colonization with *P*. *aeruginosa* between 2005 and 2011 (i.e. all intermittent and PA negative CF patients).

(TIF)

###### 

Click here for additional data file.

###### Minimum spanning tree based on allelic profiles of 211 STs representing 599 *P*. *aeruginosa* isolates from Dutch CF patients.

Genetic linkage was done using goeBURST distances\[[@pone.0157189.ref033]\] Each circle represents a sequence type, the size of the circle represents the number of isolates (non-linear). Color of the circle indicates year of origin; blue: 2007 only, green: 2011 only, red: isolated in both 2007 and 2011. Edges connect genetically linked STs.

(PDF)

###### 

Click here for additional data file.

###### Mean FEV~1~% of predicted during longitudinal follow-up.

Dotted lines represent 95% CI's. Longitudinal lung function measurements (mean FEV~1~ as percentage of predicted) for patients with ST406 and patients with other clones. There was no significant difference in lung function for patients with or without ST406 (estimate -0·43, 95% CI -7·84--6·98). Adding an interaction term between ST406 and time (slope analysis, not shown in figure) did not significantly improve the model (p = 0·35) indicating no difference in decline.

(PDF)

###### 

Click here for additional data file.

###### CF patients at risk for chronic colonization with *P*. *aeruginosa* between 2005--2011.

PA = *P*. *aeruginosa*, LTX = lung transplantation, \* at risk are all patients without chronic PA infection.

(DOCX)

###### 

Click here for additional data file.

###### Estimates of FEV~1~ percent of predicted based on mixed model analysis.

(DOCX)

###### 

Click here for additional data file.
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